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The 13-residue cathelicidins indolicidin and tritrpticin are part of a group of relatively short tryptophan-rich antimicrobial peptides that hold
potential as future substitutes for antibiotics. Differential scanning calorimetry (DSC) has been applied here to study the effect of indolicidin and
tritrpticin as well as five tritrpticin analogs on the phase transition behaviour of model membranes made up of zwitterionic dimyristoylpho-
sphatidylcholine (DMPC, DMPC/cholesterol) and anionic dimyristoylphosphatidyl glycerol (DMPG) phospholipids. Most of the peptides studied
significantly modified the phase transition profile, suggesting the importance of hydrophobic forces for the peptide interactions with the lipid
bilayers and their insertion into the bilayer. Indolicidin and tritrpticin are both known to be flexible in aqueous solution, but they adopt turn–turn
structures when they bind to and insert in a membrane surface. Pro-to-Ala substitutions in tritrpticin, which result in the formation of a stable α-
helix in this peptide, lead to a substantial increase in the peptide interactions with both zwitterionic and anionic phospholipid vesicles. In contrast,
the substitution of the three Trp residues by Tyr or Phe resulted in a significant decrease of the peptide's interaction with anionic vesicles and
virtually eliminated binding of these peptides to the zwitterionic vesicles. An increase of the cationic charge of the peptide induced much smaller
changes to the peptide interaction with all lipid systems than substitution of particular amino acids or modification of the peptide conformation.
The presence of multiple lipid domains with a non-uniform peptide distribution was noticed. Slow equilibration of the lipid–peptide systems due
to peptide redistribution was observed in some cases. Generally good agreement between the present DSC data and peptide antimicrobial activity
data was obtained.
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Because of the extensive use of conventional antibiotics,
new strains of bacteria have emerged over the last two decades,
that are resistant to most, if not all available antibiotics [1,2].
Antimicrobial peptides have recently drawn much attention
because of their ability to overcome such resistance and emerge
as a potential new class of antibacterial agents (e.g. [1,3–6]).
Antimicrobial peptides are a part of the innate immune systemAbbreviations: DMPC, dimyristoylphosphatidylcholine; DMPG, dimyris-
toylphosphatidyl glycerol; DPC, dodecylphosphocholine; DSC, differential
scanning calorimetry; Indo, indolicidin; ITC, isothermal titration calorimetry;
PC, phosphatidylcholine; PG, phosphatidylglycerol; Tritrp, tritrpticin
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doi:10.1016/j.bbamem.2007.05.015of all living organisms, including vertebrates, insects, bacteria
and plants (e.g. [1,3–5]). They exhibit significant activity
against a broad spectrum of microbial organisms (see e.g. [4]).
However, in addition to their high antimicrobial potency, these
peptides often exhibit strong hemolytic and general cytotoxic
activity towards healthy eukaryotic cells (e.g. [3,5,7,8]).
Therefore, extensive research is underway to elucidate the
mechanisms of antimicrobial peptide action in order to develop
new analogs, which would preserve the high antimicrobial
potency of the natural peptides but would lack the undesired
activity towards eukaryotic cells (see e.g. [1,3–9]).
In the present work we have studied the interaction of two
antimicrobial peptides, indolicidin and tritrpticin (along with
several of its analogs), with selected model membranes utilizing
high sensitivity differential scanning calorimetry (DSC). Both
indolicidin and tritrpticin consist of 13 residues (Table 1) and
Table 1
Sequences and net charges for the peptides used in the study
Peptide Sequence Net charge
Indolicidin ILPWKWPWWPWRR-NH2 +4
Tritrpticin VRRFPWWWPFLRR-COO− +4
Tritrp1 VRRFPWWWPFLRR-NH2 +5
Tritrp2 VKKFPWWWPFLKK-NH2 +5
Tritrp3 VRRFAWWWAFLRR-NH2 +5
Tritrp4 VRRFPYYYPFLRR-NH2 +5
Tritrp6 VRRFPFFFPFLRR-NH2 +5
The substitutions in tritrpticin analogs are indicated in bold.
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microbial peptides, which are synthesized as larger precursor
molecules in the bone marrow [10]. Indolicidin was first
isolated from the cytoplasmic granules of bovine neutrophils
[11]. Tritrpticin is thought to be released from a cathelicidin
found in porcine leukocytes [12]. Both indolicidin and
tritrpticin have a broad spectrum of antimicrobial activity
[11,12], but also exhibit relatively high hemolytic activity (e.g.
[13,14]). As their names suggest, both peptides have a high
content of Trp (39% in indolicidin and 23% in tritrpticin); as
well, they have abundant Arg/Lys residues (23% and 31%,
respectively) and are positively charged (Table 1). It was shown
by NMR ([15,16]) and other spectroscopic techniques (e.g.
[17,18]) that tritrpticin adopts a well-defined amphipathic turn–
turn secondary structure and indolicidin acquires a more open
turn–turn “boat-like” structure in a membrane-mimetic envir-
onment (organic solvents or dodecylphosphocholine (DPC)
micelles). Significant progress has been made in understanding
the role of each amino acid residue on the activity of indolicidin
(e.g. [19,20]), however, much less is known in this respect about
tritrpticin (e.g. [18,21,22]). Therefore in the present work, in
addition to the original tritrpticin peptide we concentrated on the
study of several analogues of tritrpticin with different amino
acid substitutions in order to determine the role of each specific
amino acid with respect to the peptide interactions with model
membranes (Table 1). Tritrp1 has an amidated C-terminus,
which increases the peptide charge from +4 to +5. It is
considered that a high positive charge is vital for the
antimicrobial action of a peptide because it facilitates the initial
binding to the negatively charged surface of bacterial
membranes [3,5]. All the other tritrpticin analogs were designed
from Tritrp1 by the substitution of various amino acids. Tritrp2
has all its Arg residues replaced by Lys, which preserves the
total peptide charge but allows a check for the importance of the
superior hydrogen bonding potential of Arg side chains. In
Tritrp3 both helix-breaking Pro residues were replaced by helix-
stabilizing Ala's [13,20,22], which enables this peptide, unlike
the others, to adopt a stable α-helical structure in membrane-
mimetic environments [18,22]. The presence of an α-helical
structure in antimicrobial peptides is generally considered to
facilitate their interaction with membranes thus assisting in
membrane lysis [3,5]. Tritrp4 and Tritrp6 peptides have all their
Trp residues replaced by Tyr and Phe since tryptophan residues
were suggested to play an important role in the hemolytic
activity of tritrpticin [13,22]. Moreover Trp residues can play aunique role in peptide and protein interactions with membranes
because of their preference to insert at the membrane interface
[23].
DSC has been extensively used as a convenient and
informative tool to study the interaction of peripheral and
integral membrane proteins and peptides, including antimicro-
bial peptides, with model biological membranes, such as
liposomes (lipid vesicles) (for a review see, e.g., [8,24–26]).
Among the best studied lipid systems that mimic cell
membranes are phosphatidylcholine (PC) and phosphatidyl
glycerol (PG) vesicles. PCs are among the most abundant
zwitterionic phospholipid class in eukaryotic cellular mem-
branes ([24] and references therein), while PGs are abundant
anionic phospholipids present in many prokaryotic cellular
membranes and responsible for their negative charge [27–30].
Thus, PCs and PGs represent good model systems to study
protein or peptide interactions with eukaryotic and bacterial
membranes. As many eukaryotic membranes usually contain a
certain fraction of cholesterol, it is also advantageous to use PC/
cholesterol mixtures in addition to pure PCs to model this
membrane in a more realistic manner [31]. Unfortunately, the
addition of cholesterol significantly broadens the lipid phase
transition, which in turn reduces its usefulness in DSC
investigations of protein–lipid interactions, because it limits
the maximum cholesterol concentrations that can be used.
Dimyristoylphosphatidylcholine (DMPC) and dimyristoylpho-
sphatidyl glycerol (DMPG) are saturated lipids with 14 carbon
atoms in each hydrocarbon chain. Under physiological condi-
tions they both have gel-to-liquid crystalline phase transition
temperatures around 23 °C, which allows monitoring of the
lipid bilayer in both the gel and fluid phases without denaturing
the peptides used in the studies.
We present here the results of DSC investigations of the
effect of indolicidin, tritrpticin and several tritrpticin analogs on
the phase transition behaviour of DMPC, DMPC/cholesterol
and DMPG model membranes.
2. Materials and methods
2.1. Materials
All peptides were purchased from Anaspec (San Jose, CA). The peptides
were synthesized using standard Fmoc chemistry and purified using reverse-
phase high performance liquid chromatography (RP-HPLC). MS and HPLC
analyses were employed to confirm N95% purity.
All lipids were purchased from Avanti Polar Lipids (Alabaster, AL).
Dimyristoyl lipids (DMPC and DMPG) were used as opposed to 1-palmitoyl-
2oleoyl-sn-glycero lipids (POPC and POPG) because the phase transition
temperature for the latter lipids is below 0 °C, which is beyond the range of the
DSC instrument employed in this study when using water-based solvents. All
organic solvents and salts were purchased from Fisher Scientific (Ottawa, ON,
Canada). Double distilled water was used in all experiments.
2.2. Sample preparation
DMPC, DMPG and cholesterol stock solutions were prepared by dissolving
the dry lipids in a chloroform/methanol mixture (2:1). Peptide stock solutions
were prepared in ethanol. Appropriate volumes of a lipid and peptide were
mixed in a glass tube and vortexed to form a homogenous solution. In the case of
DMPC/cholesterol mixtures, appropriate volumes of DMPC and cholesterol
Fig. 1. DSC heating scans illustrating the effect of antimicrobial peptides on the
thermotropic phase behaviour of DMPC MLVs. The pretransition region is
shown in the insert on a larger scale. The lipid/peptide ratio is 25:1 mol%.
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molar ratio in all cases was 25:1. After formation of a homogenous lipid–peptide
solution, the solvent was evaporated under a gentle flow of argon until a lipid–
peptide film was formed. Trace amounts of the organic solvents were removed
by placing the samples under vacuum overnight. Lipid vesicles were formed by
hydrating the dry lipid–peptide films with 1 mL of HEPES buffer (10 mM
HEPES, 100 mM NaCl, pH 7.0) at temperatures ∼10 °C above the main lipid
phase transition and vortexing for 1–2 min until the entire lipid–peptide film
was removed from the walls of the glass tube and a homogenous suspension was
formed. The final lipid concentration for DSC measurements was 1 mg/mL
(1.48 mM for DMPC, 1.54 mM for DMPC/cholesterol and 1.45 mM for
DMPG). The final peptide concentrations were 59 μM for DMPC, 63 μM for
DMPC/cholesterol and 58 μM for DMPG.
2.3. DSC measurements
The DSC thermograms were recorded on a high sensitivity VP-DSC
microcalorimeter (Microcal, Northampton, MA). The scan rate was 10 °C/hour
and samples were scanned from 4 to 45 °C. The high feedback mode was used to
ensure a correct recording of sharp peaks. Samples were equilibrated for 15 min
at 4 °C before each scan. The thermograms were recorded only during the
heating scans. At least 5 scans were measured for all samples and they were
identical for those samples, which were in equilibrium before the first scan.
Some samples took much longer to equilibrate and more scans (up to 18) were
recorded for those samples until the change between two following scans was
negligible and the samples were considered to be in equilibrium. Buffer
subtraction and baseline correction were performed using Microcal Origin
software (Microcal, Northampton, MA). The enthalpy values were obtained by
integration of the area under the phase transition bands using Origin software. In
cases where the recorded thermograms represented the summation of over-
lapping peaks, non-linear least square curve fitting procedure supplied with
Origin software was used to resolve the complex profiles into individual
components and estimate the values for transition temperature and enthalpy of
the component peaks.
2.4. ITC measurements
DMPC stock solutions for ITC measurements were prepared at a
concentration of 10 mg/mL by dissolving the appropriate amount of a dry
lipid in a chloroform/methanol mixture (2:1) in a glass bottle and subsequent
evaporation under a gentle flow of argon to form a lipid film. Trace amounts of
the organic solvents were removed by placing the samples under vacuum
overnight. Multilamellar lipid vesicles were formed by hydrating the dry lipid
films with appropriate amount of HEPES buffer (10 mM HEPES, 100 mM
NaCl, pH 7.0) at room temperatures and by vortexing for several minutes until
the entire lipid film was removed from the walls of the glass bottle and a
homogenous suspension was formed. In order to obtain large unilamellar
vesicles (LUVs) , the multilamellar vesicle suspension was freeze–thawed 4–5
times in liquid nitrogen and then extruded 21 times through a Mini-Extruder
(Avanti Polar Lipids, Alabaster, AL) equipped with a polycarbonate membrane
filter with either 100 nm or 400 nm pore diameter. Such a procedure produces
LUVs with a vesicle size of either ∼100 nm or 400 nm. Peptide stock solutions
for ITC measurements (2 mg/mL) were prepared by dissolving appropriate
amounts of dry peptides in HEPES buffer (10 mM HEPES, 100 mM NaCl,
pH 7.0).
The ITC data were acquired using a Microcal VP-ITC calorimeter (Microcal,
Northampton, MA) with a reaction cell volume 1.415 mL. Prior to
measurements peptide solutions were degassed under vacuum using ThermoVac
(Microcal, Northampton, MA) for 5 min to eliminate air bubbles. The peptide
solution (10–50 μM, depending on the peptide affinity to the lipid vesicles;
2 mL) was placed in the calorimeter cell. The LUV suspension (10–14 mM;
500 μL) was placed in the titration syringe and injected in aliquots of 15 μL (the
first injection was 3 μL) with 360 sec between the individual injections. To
account for the heat of dilution, control experiments were completed by titrating
lipid vesicles into a buffered solution in the absence of a peptide. All
experiments were carried out at 37 °C. Data acquisition and analysis were
performed using Microcal Origin software (v.7.0) OriginLab Corporation,
Northampton, MA).3. Results
3.1. DMPC
Fig. 1 shows the effects of indolicidin, tritrpticin and its
analogs on the thermotropic behaviour of large multilamellar
vesicles (MLV) of DMPC. The values for the phase transition
temperatures (Tm) and enthalpies (ΔH) are summarized in Table
2. For easier comparison the changes of Tm and relative changes
of ΔH are presented as bar graphs in Fig. 2a and b, respectively
(only equilibrium data corresponding to the last scan will be
discussed initially). In the absence of peptides, DMPC exhibits
two endothermic events (Fig. 1, top trace). At the lower
temperature of 13 °C, one can see the less energetic and less
cooperative pretransition arising from a conversion of the
lamellar gel phase Lβ′ to the rippled gel phase Pβ′ (top trace in
the insert in Fig. 1) [32]. A second sharp and highly energetic
main transition arising from a conversion of the rippled gel
phase to the lamellar liquid–crystalline phase Lα is exhibited at
23.4 °C, in accordance with previous data (e.g. [32–34]). The
enthalpy values for the pretransition (∼1 kcal/mole) and the
main transition (∼6.8 kcal/mole) (Table 1) are also close to
those reported by other authors (e.g. [33,35]).
The incorporation of most of the Trp-rich peptides into the
lipid vesicles significantly alters the observed thermograms.
Tritrp3 and indolicidin interact the strongest with DMPC and
completely abolish the pretransition (insert in Fig. 1), while the
other peptides only alter it by decreasing Tm and enthalpy (Table
1). Tritrp3 and indolicidin also induce the largest changes in the
main phase transition profile by significantly broadening the
Table 2
Phase transition temperature a and total enthalpy b for gel-to-liquid crystalline transition of DMPC, DMPC/Cholesterol and DMPG lipid systems with and without
peptides
DMPC DMPC/cholesterol DMPG
Pretransition Main transition Tm,
°C±0.14
ΔH,
kcal/mole±0.2
Tm,
°C±0.04
ΔH,
kcal/mole±0.3
Tm,
°C±0.1
ΔH,
kcal/mole±0.04
Tm,
°C±0.04
ΔH,
kcal/mole±0.3
Lipid blank 12.95 1.0 23.39 6.8 22.72 3.3 22.16 6.3
Indolicidin – – 22.48 6.8 16.88 3.3 21.05 6.5
Tritrpticin 8.25 0.08 23.04 6.5 19.22 3.8 19.46 5.5
Tritrp1 7.95 0.2 22.75 6.5 18.02 3.6 19.34 6.0
Tritrp2 11.24 0.6 23.24 6.0 22.49 3.6 18.99 5.7
Tritrp3 – – 21.90 6.4 16.29 1.1 19.00 5.8
Tritrp4 12.17 0.8 23.37 6.8 22.63 3.2 20.77 6.1
Tritrp6 11.62 0.6 23.40 6.8 22.39 3.4 21.55 6.7
Transition temperature and total enthalpy for DMPC pretransition are also shown.
a Phase transition temperature was determined as temperature of the thermogram maximum. In case of multicomponent peaks the peak with highest maximum was
used.
b Total enthalpy was determined by integration of the area under the whole thermogram. In case of multicomponent peaks total area under all peaks was used.
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however the enthalpy was not changed significantly (Figs. 1, 2a,
b, Table 2). Tritrpticin and Tritrp1 induce very similar effects by
significantly decreasing the Tm (∼5 °C), the cooperativity and
the ΔH of the pretransition. Moreover, their impact on the main
transition profile is weaker than the changes induced by Tritrp3
but still are fairly strong (Figs. 1, 2a, b). Tritrpticin and Tritrp1
decrease the Tm and cooperativity of the main transition, but
they do not significantly change the enthalpy. Tritrp2 induces
modest changes to both the pretransition and the main transition
indicating moderate interaction with the lipid bilayers. The
pretransition Tm is down-shifted by less than 2 °C and its
enthalpy is decreased by about 50% compared to the pure lipid.
The moderate changes to the main transition induced by Tritrp2
proceed in the same direction as for other peptides, decreasing
the Tm and cooperativity of the main transition but not changing
the enthalpy considerably but this enthalpy decrease is the
largest among all peptides studied (Table 2 and Fig. 2b). Tritrp6
and Tritrp4 exhibit the weakest changes of the pretransition and
main transition contours, pointing to very weak interactions with
the DMPC vesicles (Figs. 1, 2a, b, Table 2). The temperature
scale of the thermograms for these two peptides is expanded in
Fig. 3a for better clarity. Tritrp6 induces larger changes to the
pretransition, similar to those observed for Tritrp2 (decrease in
Tm by about 1.5 °C, decrease in ΔH by about 40% and decrease
in cooperativity (insert in Fig. 1)) compared to Tritrp4 that
decreased the Tm by less than 1 °C and ΔH by only about 20%
with a minor decrease in the cooperativity of the pretransition.
Both Tritrp6 and Tritrp4 show nomarked changes in the Tm ,ΔH
or cooperativity of the main transition (Figs. 2a, b and 3a). These
minor changes might result from the presence of small amounts
of the peptides in the lipid phase, with peptides acting as
impurities in the PC gel phase bilayer [32].
3.2. DMPC/cholesterol
The effect of indolicidin, tritrpticin and its analogs on the
phase transition behaviour of the DMPC/cholesterol lipidbilayers is shown in Fig. 4. The thermodynamic parameters
are given in Table 2 and their relative changes are compared for
different peptides in Fig. 2. The thermogram for the blank
DMPC/cholesterol exhibits a significant decrease in coopera-
tivity and the phase transition enthalpy compared to the blank
DMPC (Table 2, also compare scales in Fig. 3a and b) and, as
expected, the lipid pretransition was completely abolished [31].
In accordance with previous data, the main phase transition
endotherm consists of superimposed lower temperature sharp
and higher temperature broad components. The sharp compo-
nent was assigned to the melting of cholesterol-poor domains
and the broad component to the melting of cholesterol-rich
domains [31].
Incorporation of the peptides into DMPC/cholesterol vesicles
gave rise to a different extent of thermogram modifications (Fig.
4). Indolicidin, tritrpticin, Tritrp1 and Tritrp3 act relatively
strong and qualitatively similar by inducing two endothermic
components with the broad one shifted towards higher
temperatures and the sharp one shifted towards lower tempera-
tures. The shift in both cases is quite significant, reaching about
6 °C for indolicidin and Tritrp3 (Figs. 4 and 2c and Table 2).
Both endotherms are also significantly broadened indicating a
substantial decrease in the melting cooperativity of both
cholesterol-rich and cholesterol-poor domains. Tritrp4 and
Tritrp6 seem to interact weakly and only induced minor
changes, whereby Tritrp6 acts slightly stronger, which is
characterized by a slight broadening of the two endotherms
and an increase of their splitting (for clarity, these data are plotted
with an expanded temperature scale in Fig. 3b). Tritrp2 induces
complex endotherm modifications similar to both scenarios
described before.
3.3. DMPG
DSC thermograms representing the effect of indolicidin,
tritrpticin and its analogs on the thermal behaviour of the
DMPG vesicles are shown in Fig. 5, the thermodynamic data
are presented in Table 2 and changes of the thermodynamic
Fig. 2. Changes in phase transition temperature Tm and transition enthalpy ΔH of DMPC, DMPC/cholesterol and DMPG induced by the antimicrobial peptides. The
data for the transition temperature changes are presented as difference in °C compared to the corresponding pure lipid. The data for transition enthalpy changes are
expressed as a percentage change of ΔH as compared to the corresponding pure lipid. For multicomponent phase transition profiles Tm of the maximum and totalΔH
was used. Data for the first and the last scan are shown.
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DMPG shows two endothermic transitions, a pretransition
occurring at around 10 °C with an enthalpy of about 0.6 kcal/
mole and the main transition at 22 °C with an enthalpy of about
6 kcal/mole, in agreement with published data under compar-
able experimental conditions [30,36].
Tritrpticin, Tritrp1, Tritrp2 and Tritrp3 induce significant
shifts of the lipid Tm and a substantial decrease in the
cooperativity of the transition, indicating strong interactions
with the lipid bilayer, whereby Tritrp3 exhibits the strongest
interaction. These peptides slightly decrease the transition
enthalpy (Table 2 and Fig. 2f), indicating a destabilization of the
gel phase. Indolicidin, Tritrp4 and Tritrp6 induce less dramatic
changes to the phase transition contours by decreasing both Tmand the cooperativity of the main transition but to a much lesser
extent and without any noteworthy enthalpy change (Figs. 5, 2e
and f and Table 2). As clearly seen in Fig. 3c, Tritrp6 induces the
least changes to the DMPG melting profile, indicating the
weakest interaction with the vesicles.
Although Tritrp4 and Tritrp6 reveal the weakest interaction
with all lipid systems studied, a comparison of Fig. 3a–c
shows that they interact with DMPG much stronger than with
DMPC and DMPC/cholesterol. A comparison of Fig. 2a, c and
e also illustrates that all peptides interact with DMPG, albeit to
a different extent, and completely abolish the pretransition,
while only selected peptides showed measurable interaction
with DMPC or DMPC/cholesterol. Interestingly, indolicidin
induces much weaker changes to the DMPG melting profiles
Fig. 3. DSC heating scans illustrating the effect of Tritrp4 and Tritrp6 on the thermotropic phase behaviour of DMPC, DMPC/cholesterol and DMPG MLVs.
Thermograms for corresponding pure lipids are also shown for comparison. Vertical dashed lines show the position of Tm for the corresponding pure lipid, the number
above the dashed line shows its value. The lipid/peptide ratio is 25:1 mol%.
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and 5).
3.4. Study of the equilibration of lipid–peptide systems
During the vesicle preparation, the peptides were initially co-
dissolved with lipids in organic solvents to ensure uniform
mixing. However upon hydration and after vesicle formationFig. 4. DSC heating scans illustrating the effect of antimicrobial peptides on the
thermotropic phase behaviour of DMPC/cholesterol (90/10) MLVs. The lipid/
peptide ratio is 25:1 mol%.the peptides can redistribute between bilayer and buffer
depending on their membrane partitioning, overall solubility
etc. and they may form peptide-rich or peptide-poor lipid
domains that are detected in the subsequent DSC measurements
[32,37]. If the kinetics of the equilibration process are on the
time scale of the calorimetry experiments, gradual peptide
redistribution between domains can be monitored by incubationFig. 5. DSC heating scans illustrating the effect of antimicrobial peptides on
the thermotropic phase behaviour of DMPG MLVs. The lipid/peptide ratio is
25:1 mol%.
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boundary defects that occur close to the phase transition
temperature facilitate the attainment of the equilibrium rather
than incubations at higher temperatures [37].
The majority of our samples showed slow equilibration
kinetics (on the scale of hours) thus enabling us to monitor the
gradual changes in successive DSC scans. Samples were
repeatedly heated and cooled until the changes between two
consecutive scans were negligible and equilibrium was reached
(between 5 and 18 scans). These equilibrium results were
discussed so far. In the subsequent section we concentrate on the
thermogram changes between scans, specifically comparing the
first and the last DSC scans for representative samples. In order
to estimate the transition temperature and enthalpy of the
component overlapping peaks, curve fitting procedures were
applied (see Materials and methods). It must be pointed out that
the values obtained with these procedures are only estimates
and can be used only qualitatively.
DMPC/cholesterol systems generally showed the smallest
effect such as slight changes in the total transition enthalpy
when the first and last scan values in Fig. 2d are compared.
This indicates that peptide-poor domains in the case of Tritrp4
and Tritrp6 and peptide-rich domains in the case of indolicidin,
tritrpticin, Tritrp1 and Tritrp3 were formed before the first
DSC scan. The only exception was the Tritrp2 thermogram,
which changed until the 15th scan. As shown above, Tritrp2
exhibits phase transition peaks corresponding to both peptide-
rich and peptide-poor domains (Fig. 4). During the succeedingFig. 6. Representative DSC heating scans illustrating the thermogram changes during
scan (bottom) are presented for DMPC+Tritrp2 and for DMPG+Tritrp3. The mul
components using band fitting procedure. Resulting components are shown with dash
components discussed in the text are indicated with italic numbers. The vertical dotte
the Tm is shown above the dotted lines. The lipid/peptide ratio is 25:1 mol%.scans the enthalpy of the peptide-poor domain gradually
increased at the expense of the enthalpy of the peptide-rich
domain (data not shown) until the system equilibrated in the
state depicted in Fig. 4. The total transition enthalpy remained
constant during the equilibration process (Fig. 2d). Such
changes indicate that although Tritrp2 showed a moderate
affinity for DMPC/cholesterol vesicles, significant binding of
the peptide to the lipid bilayer was thermodynamically not
favourable and shifted the equilibrium towards the release of
initially bound peptides. In case of the weakly interacting
Tritrp4 and Tritrp6, the release of the peptides initially inserted
in the bilayers probably must be much faster as no peptide-rich
domains were detected in the first DSC scan after the initial
sample equilibration for 15 min indicating low affinity for the
sterol containing matrix.
With DMPC and DMPG most of the peptides showed rather
complex multicomponent melting profiles with relatively slow
equilibration processes, resulting in substantial thermogram
changes from the first to the last DSC scan (Figs. 1, 2 and 5).
For DMPC thermograms resulting from the interaction with
indolicidin, Tritrp4 and Tritrp6 all succeeding DSC scans were
identical, demonstrating the formation of stable peptide-rich
(for indolicidin) or peptide-poor (for Tritrp4 and Tritrp6) lipid
domains as shown in Fig. 1. Thermogram changes between the
first and the last DSC scans for the DMPC–Tritrp2 system are
illustrated in Fig. 6a. The complex melting profile could be
decomposed in three individual components, corresponding to
lipid domains with different phase transition behaviour. Theequilibration of the lipid–peptide system. Data for the first scan (top) and the last
ticomponent contours of the thermograms were decomposed on the individual
ed lines. Estimated Tm andΔH for each component are given on the graphs. The
d lines show the position of the Tm for the corresponding pure lipid. The value of
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with a Tm above that of pure lipid might result from lipid
domains with stabilized gel phase due to the interactions
(possibly electrostatic via phosphate headgroups) with peptides.
This component decreases in enthalpy and cooperativity during
the equilibration and becomes hardly distinguishable in the last
DSC scan. The most significant modifications from the first to
the last DSC scan were shown by two lower temperature
components (marked 2 and 3 in Fig. 6a). Component 2 is
relatively cooperative and has a Tm similar to that of the blank
lipid, therefore it can be attributed to the melting of the peptide-
poor lipid domains. Component 3, which is less cooperative
and has a significantly lowered Tm can correspond to the
melting of peptide-rich domains. The observed enthalpy and
cooperativity increase for component 2 while the decrease for
component 3 shows that the amount of peptide-poor domains
increases and the amount of the peptide-rich domains decreases
during the equilibration process due to peptide release from the
lipid bilayers, indicating relatively low affinity of this peptide
for DMPC. This result is similar to that obtained for the Tritrp2
interaction with DMPC/cholesterol (see above). Qualitatively
similar melting profile changes between the first and the last
DSC scan were seen for DMPC systems with tritrpticin, Tritrp1
and Tritrp3 (data not shown). They all showed the largest
changes for the two lower temperature components, both of
which had significantly decreased Tm and cooperativity. Thus,
both of these components would be more likely attributed to the
peptide-rich lipid domains with a different degree of lipid gel
phase destabilization. Similar to Tritrp2 enthalpy redistribution
between the two components might indicate that tritrpticin,
Tritrp1 and Tritrp3 decrease their population in the DMPC-
bound state during equilibration.
While indolicidin, Tritrp6 and to lesser extent Tritrp4
thermograms might suggest the formation of major peptide-
poor DMPG domains close to the main phase transition band of
the pure lipids (Fig. 5), the other peptides in DMPG systems
showed mainly peptide-rich domains producing a significant
decrease in Tm and cooperativity (Fig. 5). Tritrp4 was in the
equilibrium state before the first scan and Tritrp6 exhibited only
a slight increase in cooperativity and enthalpy. The most
complex thermogram was shown by the DMPG–Tritrp3 system
(Fig. 6b). The highest temperature component (marked 1 in Fig.
6b) with a Tm above that of blank lipid results from the lipid
domains that are more stabilized by salt and, possibly, by
electrostatically bound peptides. This component is fairly stable
and more or less similar for all peptides. Component peaks
marked from 2 to 5 exhibit a significant decrease in Tm and
cooperativity compared to pure DMPG and can be attributed to
lipid domains with different stability of the gel phase due to
different amounts of bound peptides (or different degree of
peptide–lipid interaction) (with the amount increasing from
right to left). Upon equilibration, peaks 2 and 5 decreased in
enthalpy whereas peaks 3 and 4 (particularly peak 3) increased
in enthalpy. This shows that the initially formed lipid domains
with very high or low local peptide concentrations are not very
stable. All the other peptide complexes with DMPG showed
qualitatively similar behaviour, albeit with a smaller extent ofthe changes and with a lower number of peptide-rich lipid
domains (2 or 3) (data not shown).
3.5. Effect of vesicle size on the peptide binding affinity
In an attempt to explain the complex character of the phase
transition profiles exhibiting more than two lipid domains along
with slow equilibration of the lipid–peptide systems we also
investigated a potential impact of bilayer curvature on peptide
binding. Since initially the peptides are uniformly distributed
within vesicles, a different affinity for different bilayers might
lead to redistribution according to their binding preference. In
order to examine the effect of vesicle size on the peptide binding
we performed an isothermal titration calorimetry experiment
(ITC) with large unilamellar vesicles (LUV) of 100 nm and
400 nm. The results are illustrated in Fig. 7 for DMPC systems
with Tritrp3 (strongly interacting peptide showing slow
equilibration kinetics) and Tritrp4 (weakly interacting peptide
showing fast equilibration kinetics) and show no significant
effect of size on the binding affinity of these peptides. Similar
results were obtained for DMPC/cholesterol systems with
Tritrp2 and Tritrp4 (data not shown). It is noteworthy that the
ITC results are in excellent agreement with the DSC data,
showing strong binding of Tritrp3 and essentially the absence of
Tritrp4 binding to DMPC (compare the scales for both peptides
in Fig. 7).
4. Discussion
It was shown that the pretransition in phospholipids is
usually abolished by presence of small amounts of “impurities”
like cholesterol, fatty acids or other compounds (e.g., see [38]
and references therein). Therefore, one would expect that all
peptides inducing changes to the main lipid phase transition
would also abolish the pretransition. However, despite fairly
significant modifications of the DMPC main transition,
indicating substantial interaction with the lipid bilayers,
tritrpticin, Tritrp1 and Tritrp2 do not abolish the pretransition
(Fig. 1). This peculiar fact may indicate partial demixing or
redistribution of the peptides in the water phase resulting in
formation of a lipid layer mainly unaffected by the peptide, but
this observation is not fully understood at this point.
Due to closer similarity to eukaryotic cellular membrane
lipid content, the DMPC/cholesterol binary mixtures provide a
more realistic model for such membranes. However, the
incorporation of cholesterol into DMPC bilayers represents
certain difficulties for DSCmeasurements due to the broadening
of the main phase transition, which is completely abolished
above 20–25 mol% cholesterol [31]. Consequently, we used
10 mol% cholesterol concentration, which provided a relatively
high cholesterol content in the bilayer but still enabled us to
obtain reasonably sharp main phase transitions.
Certain peptides are capable of producing cholesterol-enriched
domains in binary PC/cholesterol mixtures [39,40] and thus the
thermogram changes observed in Fig. 4 might result from
increased DMPC-cholesterol demixing. Specifically, the signifi-
cant decrease in the melting cooperativity of the cholesterol-rich
Fig. 7. ITC traces illustrating titrations of 100 nm DMPC LUVs (top) and 400 nm DMPC LUVs (bottom) into Tritrp3 and Tritrp4.
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temperatures may indicate peptide induced cholesterol enriched
domains. At the same time a significant decrease in the
cooperativity of the cholesterol-poor domain melting as well as
a large shift of their Tm to lower temperaturesmost probably occur
due to direct peptide interaction with DMPC. The complex
appearance of the Tritrp2 thermogram (Fig. 4) probably results
from a moderate interaction of this peptide with the DMPC/
Cholesterol vesicles, which can produce multiple lipid domains
with different amounts of incorporated cholesterol and peptides.
Particularly, the split of the sharp endotherm corresponding to the
cholesterol-poor domains into two components might reflect a
non-uniform distribution of the peptides and the formation of
peptide-poor and peptide-rich lipid domains. A similar phenom-
enon has been reported earlier (e.g. [32,37,41]). Melting of the
peptide-poor domain would occur at higher temperature (close to
the Tm of the lipid itself), while the melting of the peptide-rich
domain would be shifted more towards lower temperatures,
indicating destabilization of the lipid gel phase. Noteworthy, the
Tm of the sharp component in the Tritrp4 and Tritrp6 thermograms
in Fig. 4 is very close to the Tm of the peptide-poor domain in the
thermogram of Tritrp2, while the Tm of the sharp component in
the thermograms of the rest of the peptides is close to the Tm of the
peptide-rich domain of Tritrp2 thermogram. This shows that all of
the peptides except Tritrp2 are distributed relatively uniformly
and only peptide-poor domains are formed in the case of Tritrp4
and Tritrp6 whereas only peptide-rich domains are formed by the
stronger interacting peptides.Tritrpticin, Tritrp1 and Tritrp2 all induce a slight increase in
the phase transition enthalpy of DMPC/Cholesterol lipid bilayer
(Table 2 and Fig. 2d). A similar effect was attributed to the
depletion of cholesterol from a domain in the membrane [39],
which further supports the notion of increased DMPC-
cholesterol demixing induced by these peptides. In contrast,
Tritrp3 shows a large decrease of the transition enthalpy, which
is probably connected to the strong interaction of this peptide
with the vesicles by either removing a significant number of
lipids from the cooperative phase transition or significantly
decreasing the stability of the gel phase of the system [24].
Unlike DMPC, many physico-chemical properties of DMPG
vesicles, including their stability, size and lipid thermal
behaviour, depend strongly on the specific environment, e.g.,
the ionic strength of the sample, the presence of divalent cations
and cationic peptides, the pH of the sample, as well as the lipid
concentration [27–30,35,36,41,42]. At lower lipid concentra-
tions and high ionic strength the phase transition properties of
DMPG vesicles are similar to DMPC. However, at low ionic
strength or very high lipid concentrations the main lipid phase
transition thermogram is very complex and can consist of several
peaks over a temperature range of more than a 10 °C [27]. This
complex behaviour arises from the anionic nature of the
phospholipid and weak interactions between the headgroups,
which make it very sensitive to any electrostatic interactions.
It is seen from Fig. 5 that, in contrast to DMPC, the DMPG
main transition band is not symmetrical and exhibits a marked
high-temperature shoulder. A similar shoulder for DMPG in
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increasing the salt concentration to 500 mM [36]. Therefore,
this shoulder is due to the lower ionic strength used in the
present experiment. This high-temperature shoulder becomes
more pronounced in the presence of all peptides (Fig. 5). The
interactions with the peptides neutralize the negative charge of
the lipid thus reducing the charge–charge repulsion of the lipid
headgroups and increasing the stability of the lipid bilayer gel
phase [24,43,44]. The peptide-induced changes of the high-
temperature shoulder are more or less independent of the
peptide type and relatively weak compared to the changes of the
main lower-temperature peak (Fig. 5).
Our results show that all the peptides under investigation
have higher affinity to DMPG compared to DMPC or DMPC/
Cholesterol bilayers. Similarly, stronger interaction with anionic
PG vesicles compared to zwitterionic PC vesicles were shown
by other antimicrobial peptides studied in our laboratory, e.g.
puroindoline a, combi-1 and several lysozyme derivatives [45–
47]. Similarly to Tritrp6 and Tritrp4, antimicrobial peptides
derived from bovine lactoferricin displayed only minor effect on
the PG melting profile and had no effect on the thermotropic
behaviour of PC vesicles while presenting appreciable anti-
microbial activity [48], which might point to a similar mecha-
nisms of action of these peptides.
Complex phase transition profiles of DMPG lipids, observed
upon interaction with some of the peptides under study, might
be due to the fact that the gel phase of DMPG obtained during
the standard vesicle preparation procedure is in fact metastable
[27,29]. Moreover, as was mentioned above, vesicle size and
morphology are strongly dependent on the experimental
conditions (ionic strength, pH, headgroup charge neutralization)
[29,41], which may result in appearance of the complex DMPG
melting profiles [27,29]. Addition of the cationic peptides may
significantly alter the charge distribution on the bilayer surface
as well as modify the degree of the headgroup charge
neutralization, stabilizing the metastable DMPG phase and
producing multiple lipid domains with different gel phase
stabilities and the resulting complex phase transition profiles.
Similar multi-domain lipid structures were earlier observed for
the tighter packed DPPG upon interaction with cationic peptides
[44–46].
Analysis of our data allows us to arrange all the peptides in the
following order according to their ability to modify the phase
transitionprofilesofzwitterionicDMPCandDMPC/Cholesterol:
Tritrp3N indolicidinNTritrp1≈ tritrpticinNTritrp2NTritrp6≈
Tritrp4.Thisorderof thepeptides is inagoodagreementwith their
hemolytic activity [22, 49] except for Tritrp2, which showed low
hemolytic activity [22], but induced larger changes to the lipid
phase transition than the latter two peptides (Tritrp4 and Tritrp6)
in this study.
All the peptides modified the phase transition profile of
anionic DMPG lipid in the following order: Tritrp3NTritrp1≈
tritrpticin≈Tritrp2N indolicidinNTritrp4NTritrp6. This order of
PG-peptide interaction shows only fair agreement with the
peptide antimicrobial activity [22,49]. Indolicidin exhibited
high activity towards Escherichia coli [22,49], however it
induced only moderate changes to the DMPG phase transitionprofile. Also, Tritrp6, which showed moderate activity towards
E. coli, comparable with the activity of tritrpticin and Tritrp2,
caused the weakest modifications of the DMPG thermogram.
Such a discrepancy between indolicidin and Tritrp6 antimicro-
bial activity and their interaction with DMPG might suggest
that these peptides interact with other components of the
bacterial membrane and/or that other activities such as
interfering with the intracellular processes have more impact
as was proposed for indolicidin and tritrpticin [22,50,51]. It
was shown that all the peptides under study except Tritrp3 have
largely unordered structures in water but adopt boat-like turn–
turn structure in organic solvents and in DPC micelles
[15,18,22]. Due to the absence of helix-breaking Pro residues
and presence of helix-favouring Ala residues Tritrp3, unlike
the other peptides, adopts a stable α-helix in organic solvents
and in DPC micelles. It seems that the mechanism of action of
peptides with a turn–turn structure might be different
compared to most of peptides with α-helical structure
(including Tritrp3), which mainly act by disrupting the cellular
membranes [3,5,9,26,52].
Interestingly, a good correlation between the present DSC
data and leakage data from PE/PG model systems was found
[22]. In good agreement with the antimicrobial activity data, the
strongest phase transition modifications were induced by the
most active peptides Tritrp3 and Tritrp1, whereas the least
active Tritrp4 caused relatively minor modifications. This
shows that Tritrp3 and Tritrp1 interact strongly with the
bacterial membrane and probably have similar mechanisms of
antimicrobial and hemolytic action.
The stronger interaction of all peptides with anionic DMPG
vesicles suggests that electrostatic interactions play a certain
role in the peptide binding to the vesicles. However, the fact that
tritrpticin, Tritrp1 and Tritrp3 can change thermograms of both
anionic and zwitterionic lipids highlights the importance of
hydrophobic interactions as well. A shift of the Tm value to
lower temperatures by most of the peptides results from a
decrease in the lipid gel phase stability and shows that peptides
preferentially bind to the fluid phase of the lipids [53], also
suggesting preferentially a hydrophobic mode of interaction and
peptide incorporation into lipid bilayers, which is less
energetically demanding in the fluid phase.
4.1. Effects of amino acid substitutions
The present results show that the nature of particular amino
acids as well as the peptide conformation play a key role in the
peptide interaction with lipid bilayers, whereas increasing the
peptide cationic charge is not as important for this group of
peptides. Tritrpticin with a charge of +4 and its amidated analog
Tritrp1 carrying charge +5, both possessing similar turn–turn
structures [18,22], induce very similar thermogram changes for
both zwitterionic and anionic lipid bilayers (DMPC/cholesterol
shows a slight preference for Tritrp1).
Substitution of Arg residues by Lys in Tritrp2 resulted in
similar peptide interactions with DMPG compared to Tritrp1,
but moderately reduced affinity to zwitterionic DMPC and
DMPC/cholesterol phospholipids. This also agrees with the
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same positive charge, Arg contains a more bulky side chain
compared to lysine [44,54]. Similar activity of Tritrp1 and
Tritrp2 towards anionic lipid and reduced Tritrp2 affinity to
zwitterionic lipids indicates higher importance of hydrophobic
interactions with zwitterionic lipids compared to anionic.
Substitution of helix-breaking Pro residues by Ala in Tritrp3
enabled the peptide to adopt a stable α-helical structure [18,22].
We consider this structural change to be responsible for the
significant increase in the peptide's affinity for both zwitterionic
and anionic lipid bilayers, producing the largest modifications
to the lipid phase transition profiles. Numerous data exist
underlying the importance of an α-helix for a peptide to cause
damage to the lipid bilayer (e.g. [3–5]). The deeper insertion of
Tritrp3 into membrane results in the largest distortion of the
lipid packing in the bilayer and significant changes in the lipid
phase transition parameters. Our results also show a low
selectivity of the α-helical Tritrp3 for zwitterionic or anionic
vesicles, which, apparently, contributes to its high hemolytic
and antimicrobial activity.
The substitution of the Trp residues by Tyr in Tritrp4 or by
Phe in Tritrp6 did not change the peptide conformation
drastically [18,22], however it induced dramatic changes in
the interaction of the peptides with phospholipids. Both
peptides showed virtually no affinity for DMPC and DMPC/
cholesterol and displayed a significantly reduced interaction
with DMPG. This suggests that Trp is vital for the peptide to
bind to a membrane possibly due to its preferred positioning at
the lipid–water interface region. Replacement of Trp with Tyr or
Phe probably results in the peptides bound only electrostatically
to the anionic vesicles, while not appreciably interacting with
the zwitterionic vesicles at all. The low hemolytic activity of
both these peptides might be a consequence of their decreased
hydrophobic interactions.
5. Conclusions
The data presented here show that all the peptides have a
similar activity towards both eukaryotic lipid models, pure
DMPC and the DMPC/cholesterol binary mixture. The peptides
impact the phase transition profiles in the following order:
Tritrp3N indolicidinNTritrp1≈ tritrpticinNTritrp2NTritrp6≈
Tritrp4. The first four peptides interacted strongly, Tritrp2—
moderately whereas Tritrp4 and Tritrp6 showed no appreciable
binding affinity to either system. In contrast, all peptides
including Tritrp4 and Tritrp6 showed considerable interaction
with anionic DMPG vesicles and modified the phase transition
profile in the following order: Tritrp3NTritrp1≈ tritrpticin≈
Tritrp2N indolicidinNTritrp4NTritrp6. The first four peptides
interact strongly, the last three only weakly.
While increasing the peptide cationic charge did not
significantly alter the peptides interaction with both PC and
PG systems, substitution of particular amino acids affected the
peptide–lipid interaction much stronger. The most drastic
changes were observed upon substitutions of Trp residues and
inducing peptide helicity, indicating a crucial role for Trp and for
the peptide conformation in the interactions with membranes.Acknowledgements
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